Deamidation is a major age-related modification in the human lens that is highly prevalent in crystallins isolated from cataractous lenses. However, the mechanism by which deamidation causes proteins to become insoluble is not known, because of only subtle structural changes observed in vitro. We have identified Asn14 and Asn76 of gS-crystallin as highly deamidated in insoluble proteins. These sites are on the surface of the N-terminal domain and were mimicked by replacing the Asn with Asp residues. We used heteronuclear NMR spectroscopy to measure their amide hydrogen exchange and 15 N relaxation dynamics to identify regions with significantly increased dynamics compared to wildtype-gS. Changes in dynamics were localized to the Cterminal domain, particularly to helix and surface loops distant from the mutation sites. Thus, a potential mechanism for gS deamidation-induced insolubilization in cataractous lenses is altered dynamics due to local regions of unfolding and increased flexibility.
MAIN TEXT Introduction
Cataracts are the leading cause of low vision over age 40 in the United States and the leading cause of blindness worldwide. The number of individuals affected continues to increase due to our aging population (1). Lens transparency relies on the major structural proteins, called crystallins to achieve short range order, compact structures, and close packing at the high concentrations found in the lens (2) .
The gS-crystallin is in high abundance in human lenses, about 9% of the total crystallins in the young lens (3) , and shares a high degree of homology within the b/g-crystallin family. The b/g-crystallins contain about 35% b-strand content in extremely stable Greek key motifs necessary for their long life spans (4) , and about 30% disordered content, including the extensions of the N-and C-terminal domains (N-td and C-td) (5) . The gS crystallin is a ~21kDa globular protein consisting of four highly stable Greek key motifs joined by disordered loops, with two structurally mirrored halves connected by an unstructured linker (Fig. 1 ). This monomeric structure solved by NMR (6, 7) is consistent with the known C-td (8) and dimer (9) crystal structures.
We have identified deamidation as a major age-related modification in the lens and determined it is associated with insolubilization of crystallins in vivo (10, 11) . Deamidation can occur by nucleophilic attack of the amide nitrogen on the tertiary carbonyl group of an Asn (or Gln) residue resulting in an imide ring and release of the tertiary amino group. When the ring is cleaved in aqueous environments, the resulting Asp (or Glu) carboxylate group introduces a negative charge. Deamidation of Asn in vivo leads to isomerization (b-linkage) and epimerization (conversion of l to d stereoisomers) of resulting Asp residues (12, 13) . Deamidation occurs in both cataractous and aged clear human lenses (13) (14) (15) with several sites more deamidated in cataractous lenses compared to age-matched controls (10, 16, 17) and at more surface accessible sites (12, 13) . In normal aged lenses, we identified the highest abundance deamidations in gS in the water-insoluble proteins at Asn 14 (N14) and Asn 76 (N76). The extent of deamidation was roughly twice that found in the water-soluble proteins (10) . These deamidation sites are well documented in the literature (12) . In particular, deamidation at N76 in gS has been implicated in cataracts (13) .
We have mimicked deamidation in vitro by replacing Asn/Gln residues with Asp/Glu residues in human b-crystallins, which leads to subtle structural changes and decreased stability (4, (18) (19) (20) (21) (22) . During unfolding, deamidated crystallins rapidly aggregate and are not rescued by acrystallin chaperone with both proteins precipitating (18, 19) . Similar effects of deamidation on gD and gS have been observed by others (13, 23, 24) . In gS, deamidation at N76 leads to decreased stability during chemical unfolding and ineffective chaperoning by a-crystallin (25) .
Deamidation at N76 and Asn143 together led to higher attractive interactions and a tendency towards aggregation with little structural perturbation (24) . However, none of these studies identified specific residues involved in the altered interactions that led to decreased stability or aggregation.
Here we report that mimicking deamidations at N14 and N76 located on the surface of gS in the N-td disrupt regions in the C-td distant to the deamidation site, exposing a helical region in the C-td and altering surface loop regions that are known protein interactions sites, thus providing a potential mechanism for aberrant interactions of gS and its insolubilization at the high levels in cataractous lenses.
Results
Deamidations at Asn14 and Asn76 in gS-crystallin. Human gS-crystallin contains 5 Asn and 9
Gln residues that are potential deamidation sites, of these, N14 and N76 are especially labile and are found on the surface of the N-td (Fig. 1) . The N14 is between b-strands b 1 and a 1 of Greek key motif 1 and N76 is between a-helix 1 and b-strand c 2 of Greek key motif 2 (PDB:2M3T). Due to the presence of the most aged proteins in the nucleus of the lens, water-soluble and waterinsoluble proteins were isolated from normal 82-year old and brunescent 85-year old lenses and the level of deamidation at N14 and N76 determined by liquid chromatography/mass spectrometry analysis of tryptic peptides 7-ITFYEDKNFQGR-18 and 72-WMGLNDR-78 (Fig.   2 ). Deamidation of N14 and N76 was 77 and 72%, respectively, in the water-insoluble fraction of the nucleus of the brunescent lens (Figs. 2a-c and S1 ).
Deamidation at these sites was more abundant in the brunescent lens than the nearly age-matched normal clear lens. Both deamidations were associated with waterinsolubility, especially for deamidation at N76, which was 11-fold more abundant in the water-insoluble fraction than the soluble fraction. Deamidation was also detected at Q16, but at only 24% and occurred most often in peptides that also contained deamidation at N14 (Fig.   S1 ). These results suggested that deamidations at N14 and N76 could have contributed to the insolubility of gScrystallin in the brunescent lens.
To determine potential changes in gS-crystallin stability and structure due to deamidation at N14 and N76, deamidation was mimicked by site-directed mutagenesis, replacing the Asn with Asp residues at these positions.
The protein aggregation of these mutants was determined by measuring their turbidity during thermal-denaturation at 70 °C (Fig. 2d) . This temperature was chosen, because it is above the midpoint of the thermal transition for WT (26) Relative turbidity of gS-crystallins during thermal-induced denaturation of WT (black), γS N14D (cyan), and γS N76D (red). Proteins at 24 µM were incubated at 70 °C and turbidity measured as change in O.D. at 405 nm, n=3 and SEM calculated via 2-way ANOVA with p < 0.05 (*). Curve fit was generated using nonlinear regression with PRISM 6 (GraphPad Software, CA).
Dynamics of WT gS crystallin determined by NMR. NMR spectra collected on the monomeric gS crystallin showed widely dispersed peaks indicative of a well-ordered protein and consistent with published NMR structures ( Fig. S2 ) (6, 7) . Resonance assignments of ~90% of backbone amides aided by previously assigned spectra (7) were confirmed by 3D HNCACB spectra collected on 13 C/ 15 N samples. The few missing peaks were for residues in the C-td in βb3, βc3, and βd2, and the flanking loops, similar to what was reported earlier (8) .
Missing peaks could be due to peak broadening arising from internal backbone flexibility or from molecular aggregation. Spectra at 10-fold dilution did not show any additional peaks, suggesting conformational exchange from backbone flexibility at microseconds time scales.
To identify fast exchanging amide protons that are on the protein surface or in flexible loops, we used CLEANEX experiments that measure backbone proton amide (H/H) exchange with water (27) . Peaks observed in the CLEANEX spectra ( corresponded to residues in the most exposed regions of the protein. As expected, the most rapidly exchanging residues (the peaks with the highest intensities) were in the N-terminal extension (residues 3-5), loops (residues 27-32, 75, 165-166), and in the linker connecting the Ntd and C-td (residues 91-92). These residues also showed multiple conformations in the NMR ensemble structure (PDB: 2M3T) (6, 7). Not expected from the structure, was the relatively fast exchange observed for residues 64 and 65 within βd1 and to a lesser extent at the ends of bstrands a1, c1, a2, b2, a3, a4, and c4.
To determine the slowly exchanging amide protons that are buried and/or involved in Hbonding, we measured hydrogen deuterium (H/D) exchange over a period of two weeks ( Within the flexible connecting peptide, slowly exchanging amide protons were detected for residues 85-87 near the N-td suggesting they were not flexible, but buried within the interface (Fig. 3a , blue, middle row WT). On average, amide protons within the C-td were slower exchanging than those in the N-td. In particular, a 2 exchanged more slowly than a 1 , as did the connecting loops in the C-td compared to those in the N-td. Exchange rates for amide protons measured in this time window of 1-6 days, and that are shown in Fig. 3a (pink to purple, bottom row WT), are listed in Table S1 .
In summary, both H/H and H/D exchange data show that the WT N-td was more dynamic and heterogeneous relative to the C-td, most prominently at N-terminal extension residues and linker residues connecting the domains, except for residues at the N-terminal side that were buried and part of the slowly exchanging protein core. Additionally, H/D exchange data revealed a faster rate of exchange in a1 in the N-td than in a2 in the C-td. O for ~30min) but weren't visible in CLEANEX, followed by residues that exchanged after 1 day in D 2 O (pink), after 2-3 days (magenta-purple), and after 6 days in D 2 O (dark purple). Those residues that did not have NMR peak assignments available or that were too broad to confidently measure their exchange rates, were mapped on the structure in white. (B) NMR spectral overlay of WT (black), N14D (cyan) and N76D (red). Residues which showed significantly altered H/D exchange compared to WT were in bold. Day 6 H/D exchange spectra of Q106 and Y49 (top left), day 6 H/D exchange spectra of E119 (bottom left), CLEANEX spectra of L87 and W46 (top right), and day 2 H/D exchange spectra of S104, Q16, and R145 (bottom right). (C) H/D exchange rates of S104 are different for N14D (cyan) and N76D (red) and are reported in Supplementary Table 1 .
Effects of mimicking deamidation on gS structure and dynamics. Comparison of WT spectra to those of Asn-to-Asp mutations showed chemical shift differences at the sites of mutation as expected, but also significant differences at unexpected sites distant from the mutation site (Figs. S3 and S4). These sites included residues in the region between bc1 and bb2, a-helix a1, residue L87 in the connecting peptide, C-terminal interface b-strand ba4, a-helix a2, and the most distant b-strand, ba3.
The same or nearby residues observed to have altered chemical shifts in mutant constructs also had significantly altered amide H/H and H/D exchange measurements (Figs. 3a-c and 4a ).
With N76D, faster exchange rates were observed in general (Figs. 3a and S5 ). Several new peaks appeared in the CLEANEX spectra, including L87 and G101 in both mutants, as well as G44 and E119 in N76D (Fig. 3a, top row) . Peaks for residues newly appearing in the CLEANEX experiment, such as L87, were of greater intensity in N76D than in N14D. Residues with faster exchange rates compared to WT in both mutants included those of ba1 (blue to magenta/pink), and E109 and S104 in ba3 (deep blue to purple) (Figs. 3a, bottom row and 3b, c and Table S1 ). In N76D, exchange rates were elevated throughout the protein, in particular a 1 residues (purple to pink) and E119 in helix a 2 (blue to pink). Furthermore, those residues with increased exchange rates in N14D such as S104 (cyan in overlaid spectra) showed significantly more increase in N76D, disappearing by day 2 (red) (Figs. 3b, c) . In both mutants, backbone NH S104 exchanged faster in N76D and N14D than in WT. Conversely, WT NH S104 is part of the slowly exchanging core (Fig. 3a , middle row, near G101 visible in structure).
Compared to WT gS, exchange rates were decreased for some residues in the N14D, but not in the N76D mutant, as shown for the examples M107 in the ba3 (Fig. 3a , magenta to purple, bottom row N14D, near E109), and G44 (Fig. 3a , magenta to purple, bottom row, N14D).
Overall, there was a higher number of amide protons that exchanged within 1-6 days measured for N14D and N76D compared to WT (31 for N14D, and 24 for N76D, but only 18 for WT) (Table S1 ).
To compare dynamics between deamidation mimics and WT gS at the µs to ps time scale, we measured longitudinal and transverse relaxation rates, R 1 and R 2 , and heteronuclear NOE 
decreased values compared to other residues in the linker.
The R 2 /R 1 values for N14D showed that there were more homogeneous dynamics in the N-td compared to the C-td, which remained dynamically heterogeneous (Fig. 4b, middle row) .
For example, residues in the N-terminal extension and in the loop residues between bc1 and bb2 have higher values compared to WT. Conversely, N76D showed similar heterogeneity relative to WT, but with lower values overall (Fig. 4b, bottom row) . Heteronuclear NOE measurements for both mutants were on average similar to WT with only modest decrease (Fig. S6) . From R 2 /R 1 , we determined rotational correlation times of 11.9, 11.8, and 11.3 ns for WT, N14D, and N76D, respectively. The lower correlation time estimated for N76D suggests that mimicking deamidation at this site causes faster tumbling than expected for a globular protein of ~21kDa (7) suggesting a global increase in flexibility.
Local mobility parameters of backbone amide N-H vectors interpreted using the FASTModelFree analysis (28) revealed differences in dynamics at both the ms to µs conformational exchange (intermediate exchange, measured as R ex ) and motions faster than the overall tumbling correlation time on ns to ps timescale (measured as S 2 , where numbers closer to 1 imply restricted motion and those closer to zero imply fully disordered). Residues with a R ex term have heterogenous dynamics specific for these regions. While WT and N76D had 10 and 7 R ex terms respectively, N14D had 37, which was mostly localized to the N-terminus, suggesting deamidation at N14 resulted in multiple conformations specifically at the N-td (Fig. 5a ). The C-td also showed regions of exchange but not to the same extent (29 residues with R ex terms in the Ntd vs 8 in the C-td).
Both mutants showed decreased S 2 values overall, suggesting an increase in fast dynamics. N14D
showed significant increases in S 2 in segments highlighted in purple in the N-td, including in the N-terminal extension, the loop connecting βc1 and βb2, and the end of the linker, leading into the C-td. In contrast, the C-td of N14D showed a decrease in S 2 specifically in segments βa3, a 2 , and the C-terminal extension, highlighted in yellow (Fig. 5b) . Although H/D exchange and chemical shift comparisons show more significant changes in N76D than in N14D, FAST-ModelFree (28) analysis revealed more significant changes in N14D. 
Discussion
Mimicking deamidation causes changes distant from the deamidation site. In both N14D and N76D, the mutation is in the N-td where expected chemical shifts were detected; however, we also detected distant changes in the C-td. Changes in dynamics were observed at the same sites as the chemical shift changes with both N14D and N76D, but at different time scales. With N76D, exchange measurements showed changes in the b-strand, ba3, of the 3 rd Greek key motif, and in the helix a 2 packed against it, suggesting local unfolding specific to this region in the C-td (Fig.   4a ). In contrast, changes in this same region in N14D were not detected by hydrogen exchange, but were observed instead as changes in the order parameters obtained from relaxation measurements on the ns to ps time scale. Further changes for N14D R ex were measured with ms to µs fluctuations, primarily in the N-td of N14D reporting multiple conformations.
Changes in dynamics for both N14D and N76D were additionally observed in the connecting linker between domains and at the domain-domain interface itself. The altered dynamics in the N-td likely influence the C-td structure by disruption of these domain-domain interface interactions known to stabilize the overall structure of gS (29) . We have previously reported similar findings in homologous regions in bB2-crystallin, when the dimer interface was disrupted due to deamidation (5) . Taken together, these results strongly support that the agerelated deamidations on the surface of gS likely contribute to the insolubilization of gS in vivo by disrupting multiple regions including the stabilizing interface and those distant from the deamidation site.
A recent study has examined the fast dynamics of WT gS-crystallin and a G57W mutant associated with cataract formation. The G57W mutation perturbed the structure around the mutation site and increased fast dynamics especially in the N-td near the mutation. Substitution of a bulky Trp for the small Gly induced local conformational changes and specifically destabilized the N-td. In contrast, our study examined the impact of deamidation, which does not introduce a large change in side chain size, and measured perturbations at multiple time scales. Importantly, we observed only modest chemical shift perturbations outside of the mutated residues, suggesting that the changes in 3D structure induced by deamidation are small. Yet, dynamic perturbations in the ns to ps and slower motions probed by hydrogen exchange and relaxation measurements detected significant changes occurring in the C-td, despite the mutations being in the N-td.
Our findings of altered protein dynamics at sites distant from the mutation site provide a plausible mechanism for the insolubilization observed in vivo. While, preventing age-related deamidation may not be possible, stabilizing the disrupted structural regions might be, such as stabilizing the disrupted interface between domains. A limitation of our findings is that further perturbation of the structure would be expected in vivo due to the associated isomerization and epimerization that could not be mimicked here with mutagenesis.
Deamidation changes highlight potential sites of aggregation. Mimicking deamidation of gS-
crystallin at N14 and N76 resulted in altered dynamics at exposed loops both in the N-td and C-td.
Several residues that appeared in the CLEANEX experiments conducted on the WT protein are residues previously observed to experience chemical shifts when bound to chaperone aBcrystallin (6), particularly G91, S34, E65, and W46, suggesting they are accessible for interactions. In N14D and N76D, residues at the end of the C-td helix, F121 and H122, had increased solvent accessibility. These residues have been reported to interact with aB-crystallin (6). Their increased accessibility in the mutants could facilitate interactions with a-crystallin chaperones. And, while initially this might be protective, upon saturation during aging and cataracts, both the gS-and a-crystallins may become insoluble. We have previously reported a Figure 6 . A model showing the effect of deamidation at sites N14 and N76 in gScrystallin. Increase in dynamics shown as increased thickness in the ribbon structure in the N-td is transferred to localized regions within the C-td. Over time, dynamic changes exposing regions normally buried in the WT protein promoting aberrant interactions with other crystallin subunits and increase susceptibility to aggregation in the aged lens.
similar interaction between a-crystallin and bB2-crystallin (30). These surface loops will be explored in subsequent studies for potential sites of interaction.
In summary, residue-specific changes in solvent accessibility and dynamics indicate that surface deamidation sites result in changes both near and distant from the site of deamidation, suggesting that site specific deamidation, has both local and global effects on the protein structure at slow (ms to s) and fast (µs to ps) time scales. The NMR findings combined with the in vivo insolubility and in vitro aggregation findings support a model that deamidation drives changes that may more readily unfold the protein and expose regions buried in the WT protein. These events in the aged lens could disrupt interactions with other crystallin subunits and increase susceptibility to aggregation, insolubilization, and light scattering (Fig. 6 ).
Materials and Methods
Experimental Design. While, age-related deamidation is thought to be associated with cataracts, the mechanism for deamidation-induced insolubilization of lens crystallins is not known, because in vitro studies to date have focused on global changes to protein structure and stability. In this study, we confirmed that extensive deamidation occurs in γS-crystallin at N14 and N76 in the water-insoluble fraction of an aged brunescent lens, mimicked these deamidations using mutagenesis, compared the heat-induced aggregation of these mutants to the WT protein, and were integrated and % deamidation in each peptide calculated. These calculations included the multiple peptide peaks resulting from isomerization and racemization of N and D residues, as well as the doubly deamidated form of peptide 7-18. The single peak resulting from deamidation at only Q16 was excluded from the calculation of % deamidation at N14, and occurred at a much lower rate than that at N14 as previously reported (12) . The chromatograms used for these calculations for deamidation at N14 are shown in Fig. S1 .
Recombinant expression of gS-crystallin and deamidated mutants. Deamidation sites were chosen based on the high levels of deamidation and their association with gS-crystallin waterinsolubilzation in aged brunescent lenses (Fig. 2) . The plasmid containing the gene for human gS WT was engineered into the pE-SUMO (Small Ubiquitin-like Modifier) vector containing a Nterminal 6XHis tagged fusion protein (LifeSensors Inc., Malvern, PA). The gS N14D and gS N76D were generated via site-directed mutagenesis using QuikChangeXL Kit (Agilent Mountain View, CA.) The SUMO tag was cleaved by Ulp-1 as described above and the protein was further purified using ion-exchange chromatography (Bio-Rad, Hercules, California). In all purification steps, 2.5 mM DTT was present. The purity of the recombinant proteins, as assessed by SDS-polyacrylamide gels, was >95%.
Heat-induced aggregation of gS-crystallin and deamidated mimics. gS WT was compared to deamidated mimics by measuring changes in their turbidity during heating at 70 °C using previously published methods (5, 22, 30, 33, 34) . This temperature was chosen based on the midpoint of thermal aggregation at 65°C previously reported (26) . A 100 µL aliquot of each protein was diluted to 24 µM using 100 mM sodium-phosphate (pH 7.4), 1 mM EDTA, 2. Nuclear magnetic resonance of gS-crystallin and deamidated mimics. NMR spectra were collected at 22°C, using 0.5-1 mM 15 N labeled gS crystallin in a pH 6.9 buffer composed of 10 mM sodium phosphate, 50 mM sodium chloride, 2.5 mM DTT, a protease inhibitor mixture (Roche Applied Science, Madison, WI), and 2-2 dimethylsilapentane-5-sulfonic acid for 1 H chemical shifts referencing. All NMR experiments were collected on a Bruker 800 MHz Avance III H/D spectrometer equipped with a triple resonance cryoprobe. Assignments previously reported (PDB: 2M3T) were imported from BMRB (accession number 17576). All 2D spectra were processed using Topspin (Bruker Biosciences; RRID:SCR_014227) and analyzed in CcpNmr (35) . Spectra were referenced to DSS at 0 ppm and chemical shift differences were calculated using the equation δ = [(H shift) 2 +(N shift/6.51) 2 ] 0.5 (36) . H/D exchange rates for non-core resides were calculated by fitting to an exponential decay as described previously (37) .
Changes in amide hydrogen
Relaxation measurements and analysis. points were included to assist with error estimation. T 1 and T 2 relaxation rates were determined using CcpNmr and error was estimated using the bootstrap method. The T 1 , T 2 and heteronuclear NOE data were analyzed using five standard models of increasing complexity (40) . Model selection and model fitting were performed using FastModelFree and ModelFree4 (28, 38) .
